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Abstract 
Solubhty of Pu(N) was measured over a total carbonate con- 
m m o n  range of lo-* to lo-' M at room temperature (20- 
25 "C) and I = 0 1 Since carbonate was not detected 111 the 
sohd phase, the solubility controhng sohd was assumed to be a 
hydrous ox&, PuO, xH20  A h u t  of the equhbnum constant 
of the exchange reactlon between PuO, xH20 and a carbonate 
mhd phase, PUOCO, xH20, was eshmated as 

PuO, xH20 + C0:- + H20 = PUOCO, xH,O + 2 0 H -  
K e 10-67 

The measured solubhty was pmpomonal to the square of the 
hcarbonate concentratron at the pH range of 9 4-10 1 This 
resuit was mterpreted by 

h0, xH,O + 2HCO; = h(OH),(CO,):- + xH,O 
K le 1o-a7:os 

At pHs 12 aad 13 where carbonate ion is domnant, 

PUO, 
K 10--49S=031 

x H ~ O  + 2CO:- = PU(OH),(CO&- + ( ~ - 2 ) H z o  

IS the predomant reacbon 

1. Introducbon 

The solubhty of rahonuchdes is one of the more im- 
portant parameters controhg thelr release from a 
deep underground r&oactwe waste repository Pre- 
&chon of the solubhty requms a knowledge of all 
relevant species present m soluhon Complexauon of 
metal ions wth kgands may stabihze them in natural 
Waters,  and thus can control the SpeCiahOn and solu- 
khty of radlonuchdes of interest Because of theu 
strong tendency of complexatlon, carbonate or bicar- 
bonate ions are likely to be some of the most signtf- 
cant hgands to be considered [l, 21 Therefore, a clear- 
er understandmg of the effect of carbonate com- 
Plexaclon on solubhty is needed 

The complexahon of Pu(lV) by carbonate has been 
stu<lled [3, 4, 51 Moskvm and Gel'man [31 showed 

ge  ~ i ~ b ~ ~ t e  complex species, PU(CO~)'+, was 
pnsent m 0 36-3 6 M &C03 soluhons The= work, 
however, has been reviewed CnhCdy 1561, and some 
~Sundastanhngs have been pomted out. Iom et a1 
141 suggested that Pu(COXt  (x = 1-51 are the .. c - _  

b-v- 
yet" 
;ik Best Available b p y  &- 

dormnant aqueous species with Pu(OH),CO,,,, as 
the solubihty-controlhg sohd III NaClO,/NaHCO,/ 
Na,CO, soluhons at pH > 8 and I = 1 0  Pratopo et 
a1 [7] stuhed the carbonate complexahon of Np(lV) 
by a solubihty method and suggested the presence 
of Np(OH),(CO,);- (or Np(OH),(HCO,):-) and 
Np(OH),(CO,):- They also analyzed the concen- 
tratlon of U(N) in Swelsh ground-water by talung 
into account the presence of U(OH),(CO,>~- 

Despite the fact that the chermcal properues 
of tetravalent acmdes are expected to be simlar, 
there are c e m  discrepancies 111 then complexation 
data Considenng the mtld role of carbonate com- 
plex species m safety assessment of raloactive waste 
disposal, much more reliable informahon is necessary 
In the present study, the Pu(IV) sohd phase was 
charactenzed and the dependence of Pu(IV) solubility 
on carbonate-bicarbonate concentration was studied at 
the pH range of 9 4-13 

2 Expenmental 
2 1 Preparations 
Sample solutions were prepared from reagent grade 
chemcals (Wako Pure Chemcal Ind, Ltd, Tokyo) 
and deiomzed water (Mdh-Q System, Milhpore) The 
isotopic composition of the plutomum was 0 0031 % 
,,*Pu, 97 41% 239Pu, 2 56% 2"oPu and 0 026% 241Pu 
Plutomum was chemcally punfied by anion exchange 
The eluted Pu 111 hydrochlonc acid was converted to 
Pu(IV) as a mtrate and prepared as a 1 8X lO-,M 
soluuon in 10 M "0, 

2 2 Procedures 
An ahquot of the h(N) stock soluhon was added to 
a 20 nil solubon contamng KCl, K,CO, and KOH m 
a polypropylene tube The rnrhal COnCentrahOnS of 
Pu(N), K+ and total carbonate (C,) 111 the sample solu- 
tlon were typically 1 3 X 0 1 and lO-'-lO-' M, 
respechvely The pH was adjusted to values between 
9 4 and 13 0 by adding dilute KOH A 0 1 ml volume 
of 0 1 M NaNO, soluuon was added to m u t a m  the 
Pu m the tetravalent state The samples were sealed 
and stored for 2 weeks in au at room temperature 
(20-25 "C) 

After two weeks, the pH and Eh of the sample 
solutlons were measured with a Ag/AgCl electrode -_ - 
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and a Pt/AgCI electrode, respechvely The electrode 
was d b r a t e d  wth pH buffer soluhons @H = 6 86 
and 9 18) and a ORP standard (95 mV agamst the 
reference electrode) The total carbonate concentranon 
was measured wth CO, electrode (TOA Electromcs 
Ltd Japan, type CE-235, detechon h u t  4 OXIO-s M) 
The electrode had been cabbratcd wth a KHCO, solu- 
hon usmg the same procedure as for the measurement 
of the carbonate concentrauon The mcro-cenmfuge 
system (Mlhpore) was used to effect the separation 
processes A 0 5 ml ahquot of the sample soluhon was 
filtered through 0 45 pn durapore (PVDF) and 10,OOO 
NMWL (normal molecular weight h u t )  poly sulphur 
fiiters that had been nnsed with blank solutlon The 
average pore size was eShIXIated to be about 450nm 
and 3 nm, respechvely Plutomum remming on filters 
was redtssolved by passmg 1 M "0, through the 
filters The concentranon of Pu was measured with a- 
spectroscopy after evaporatmg 50pI of the final fil- 
trate on a strunless steel planchet 

The omdabon state of the Pu was detemned by 
TTA extrachon [7-91 A loop1 aliquot of the final 
filtrate was aciQfied with 3 ml of 1 M HCl An equal 
volume of 0 4 M  'ITA in xylene was added and the 
m t u r e  was shaken for 10 rmn Th.~s method was vali- 
dated using K2C03 soluoons splked with a Pu(W) 
stocl, solutlon and a Pu(VI) perchlonc acid solutxon 
and by reacidxfymg these soluhons (Pu concen- 
moon = 

Plutonium sohd that had foxmed in a few samples 
was used for charactenzauon The imhal concen- 
trauons of Pu(IV) and C, in these samples were 
1 0 X lo-* M and 0 01 -0 1 M, respechvely, and the 
pH was 9 65-9 85 and 12 The sokd phase was uapp- 
ed on a 0 45 pm filter, nnsed 3 hmes with 1 ml of de- 
iomzed water and redssolved in 2 ml of l M H2SO4 
The concentratxons of carbonate and plutomum dis- 
solved from the solid were measured with the CO, 
electrode and a-spectrometer, respectlvely To prevent 
the Qsturbance on the carbonate measurement by acid- 
IC gas, a non-volatlle acid (H2S04) was used to dis- 
solve the sohd The electrode was cahbrated with a 
MCO, soluhon usmg 1 M H2S04 as an acidxfier In 
h s  case, the detecuon limt was 6 X 

To check the methods used to charactenze the 
sobd matenal, a prelimnary test was camed out using 
cobalt (Co") in place of plutomum Cobalt was 
chosen because both hydroxide and carbonate precipi- 
tates can be readily prepared A cobalt precipitate was 
prepared from CoC1, solution with an addmon of 
NaHCO, at pH = 8 0 and C, = 0 1 M The amount of 
cobalt was vaned from 24 to 120 pg Precipitates were 
also prepared m 0 1 M Na2C03 at pH = 11 0 and 
0 1 M NaCIO. at pH = 11 0 for companson 

M) w i h  10 rmn for TTA extrachon 

M 

3. Resuits and discussion 
3 1 Cobalt 
Cobalt forms Co(OH),,, (log& = -152 [lo]) m 
&abne solubons and COCO,(., (log&, = -998 

Table 1 Carbonate content analysis for cobalt precipitates 

c o  Condmon of Sohd [Cola Z[C02Jb 
Pg precipitatlon mMm 

24 OlMNaHCO, @H=8) COCO, 0 2  0 2 3  
48 OlMNaHCO, (pH=8) COCO, 04 040 
72  OlMNaHCO, (pH=8) COCO, 0 6  066 
96 OlMNaHCO, @H=8) COCO, 0 8  084 

120 OlMNaHCO, @H=8) COCO, 1 0  098 
120 OlMNa,CO, @H=ll) Co(OH), 1 0  OW 
120 OlMNa,CO, (pH=ll) Co(OH), 1 0  011' 
120 OlMNa,CO, (pH=ll) Co(OH), 1 0  011' 
120 0 1 M  NaClO, @H=ll) Co(OH), 1 0  <OM 
120 0 1 M  NaCIO. @H=ll) Co(OH), 1 0  <OM 
120 0 1 M  NaCIO, (pH=ll) Co(OH), 1 0  <006 

~~ 

a Assumng that all the cobalt was dssolved in 1 M H,SO. 
Total carbonate concentranon measured in 1 M H,SO. 
About 0 1 mM carbonate was detected, whch is likely due to 
incomplete nnsing of the solid 

Table 2 Carbonate content in Pu solid phase 

Pu Conditlon of [Pul [COJ' 
vi? precipitatlon m M m M  

500 0 01M KHCO, (pH=9 65) 1 0  <Ol 

500 0 1  MKHCO, (pH=985) 1 0  <01 
500 0 05M K,CO, (pH= 12 0) 1 0  c o 1  

500 003MKHC0,  (pH=982) 10 K O 1  

a The detection lirmt of thls measurement in carbonate and bi- 
carbonate soluhon is 0 1 mM (see text) 

[ll]) in carbonate solutions Cobalt carbonate may be 
formed m the NaHCO, solution @H = 80)  b j  the 
following reaction 

(1) 
Cobalt hydroxide may be formed in the Na,CO, (pH = 
11 0) and 0 1 M NaClO, soluoons (pH = 11 0) by the 
following reactlon 

(2) 
The results of the carbonate concentrations for the co- 
balt precipitates are shown in Table 1 The measured 
carbonate molanty at pH = 8 is almost equal to that 
of cobalt At pH = 11, on the other hand, the measured 
carbonate molality is much less than that of the cobalt 
"Ius indicates that carbonate detemnation in precipi- 
tates can be used to detemne whether the pluton~um 
precipitate is carbonate or not The error of measure- 
ment is about 10% and is possibly the result from in- 
complete separation and nnsing of the sohd The re- 
sults for the three runs at pH 11 in Na,CO, are higher 
than those in NaClO, and may be due to adsorptlon of 
carbonate on the solid and incomplete nnsing of the 
solid Hence, detection l i n t  of this detemnation is 
considered to be 0 1 mM 

CO" + HCO; = COCO,,,, + H' 

Co2+ + 20H- = Co(OH),,,, 

3 2 Characterization of the plutonium solid 

The carbonate concentraaons for the F'u(rV) solid 
phase are shown in Table 2 Even in the 0 1 M KHCO, 

phase 
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Rg. 1 Time dependence of total carbonate concentrahons 
for lO-'-O 5 M KHCO,IK,CO, solutlons tn the pH range of 

9 4-13 

soluaon, the carbonate content was below the detec- 
hon hmt  (0 1 mM) The vixtual absence of carbonate 
suggests the formatlon of hydrated oxlde PuO, xH,O 
Our results do not agree with earher predichons [4, 

51 suggeshng the transformatloo of sohd species from 
oxlde to hydroxycarbonate m SOlUtlOnS of > lO-*M 
carbonate In the present study, the mole fractlon of 
hydrated onde and hydroxycarbonate were > 0 9 and 

0 1, respecuvely The equilibnum constant of the 
transformation reactlon 

(3) 

was estlmated to be K < Thls calculatlon was 
based on the asSWphOn that the ratlo of the mole 
h c h o n  between the sohd phases was equal to ther 
achvity ratlo The solubility product of PuO, xH,O at 
I = 0 1 was estlmated to be logK, = -54 70 usmg 
the Davies equatlon [12] A solubihty product, &,, of 

was eshmated for PuOCO, xH,O 

P u 0 2  x H ~ O  + C0:- 
+ H2O = PUOCO, x H ~ O  + 2 0 H -  

3 3 Stability constant of Pu(1V) 
hydroxycarbonate complexes 

Carbonate concentrahons 111 the range of 10-4-0 5 M 
were kept appromately constant for about 100 days 
under the expenmental condmons as shown 111 Fig 1 
A sample of the concentratton as low as lo-' M was 
affected by the atmosphenc CO, 

Flgure 2 shows the redox potenhd of the sample 
dut?ons at Merent pHs The followmg reachon is 
llkely to control the redox condmon of the sample 

e -  
t- - --.- 

['?? 
*p t 

h(Iv) 1s extracted by TI'A whle other oxldahon 
mmam in the aqueous phase E91 111 1 M HCl 

dBiiw# 11 
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Fig 2 Measured redox potenhal versus pH for the h(N) car- 
bonate-bicarbonate soluuons with NaNO, The hne corresponds 

to E¶ (4) 

IO6 lo*; 

pH - IO 1 
CI -164M - 5xI04M 

I 

50 100 150 i 
lo''o 

Time, day 
I 

Fig 3 Equilibration of plutonium(IV) concentrations for 
lo-' - 1 6 X lo-* M KHCO,/K,CO, soluuons in the pH range 

of 9 4-13, 0, U, A oversaturahon, A undersaturauon 

The extrachon of Pu(IV) from carbonate solution was 
(92 9 2 2  4)%, whle that of h(W) was less than 0 3% 
was d e t e m e d  from the validatlon expenment More 
than 90% of the Pu was extracted from the sample 
soluuons under the condihon indlcatlng that the Pu 
was manly in the tetravalent state, although a 10% 
uncemnty exlsts 

A senes of solubility measurements was camed 
out at pHs 9 4, 10 1, 13 from the dnectlon of over- 
saturatlon to detemne the tlme requrred for equilibn- 
um to be reached As shown in Fig 3, the h concen- 
tratlons reach equihbnum wthm the fmt 14 days from 
the dlrectlon of oversaturatlon The total carbonate 
concentratlon of a sample of pH 10 1 was increased at 
the 14th day by adding KHCO, and K,CO, The solid 
phase began to dssolve and took 100 days to reach 
a new eqmlibnum concentrauon This suggests that 
longer equihbratlon umes are needed from the under- 
saturahon direction than from the OVerSaturatlOn dlrec- 
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Fig 4 Effect of bicarbonate concentranon on solubbty of 
PuW) at pH = 9 4 . 9  7 , 9  8 and 10 1 ,  and effect of carbonate 
concentrabon at pH 12 and 13 The solid curves show the results 
of the least-squares f img The dashed hne shows the conm- 

buhon of Pu(OH): 

tlon Although the equhbnum from the undersatur- 
ation dvectlon was also mvesbgated at pH = 13, the 
conccentrauon was sull mcreasmg after 200 days The 
equihbnum was not confiied because Eh and total 
carbonate concentrauon were sigdicantly affected by 
atmosphenc 0, and CO, An eqhbrauon penod of 
14 days and the oversaturatlon dxectlon were chosen 
for the present study Considenng that the sohd phase 
wdl proceed to crystalhe, the eqmhbnum state Qs- 
cussed here may be a pseudo cquihbnum state 

The measured solubhty of Pu(lV) is shown in 
Fig 4 In low carbonate solutlons, an aqueous neutral 
species of Pu(OH),O is dormnant Its solubihty was re- 
ported by Ewart ef al [13] The solubhty measured at 
C, > lo-' M is far hgher than that of Pu(OH):, whch 
is due to complexabon Although the chlonde amon 
is the m u  amomc species rn the sample solutlons, 
the complex formatron of PuW) by C1- is negh- 
pble accordmg to the prabcted formauon constant 
(logBpucI,+ = 133 [14]) Carbonate and bicarbonate 
concentmoons w m  calculated from C, and pH usmg 
the followmg qu&bnum constants [15] at I = 0 1 

H2C0,,, = H' + HCO; K = (5) 

HCO; = H' + C Q -  K = 10-'000 (6) 

(7) 

Because the Pu fracuon remaumg on the filter was 
one order of maptude lower than that m the final 
filtrate, the slze of mam Pu species m sample solutlons 
was less than 3 nm The data analysis presented in ths  
paper is based on two assumptlons (a) the thermody- 
n m c  acuvity of the sohd is the same for all carbonate 
and bicarbonate concentrahons, and (b) bi-nuclear or 
polynuclear species arc not involved 

K = 10-1.378 H2O = H' + OH- 

Because bicarbonate ion is dormnant over the pH 
range of 9 4-10 1, the measured Pu concentratlons are 
plotted versus [HCO;] The Pu solubihty depends on 
the bicarbonate concentratlon over th~s pH range, 
log[pu(IV)] is propomonal to log[HCO;] wth the 
slope of 2 Hence, we considered the following reac- 
tlon 

(8) 
PuO, xH,O + 2HCO; = Pu(OH),,(CO,);~ 
+ (2-n)OH- + xH,O 

To d e t e r n e  the value for n, the slope of 
log( [Pu(OH).(C0,);n/[HCO;]2) agamst log [OH-] 
was calculated to be 0 2320 57 The best fit for this 
data is n = 2 although a c e m n  error (n = 2 2320 57) 
is associated with thls fit The Pu concentratlon m bi- 
carbonate soluhon is gven by the sum of [Pu(OH),O] 
(= 10-1014 M [13]) and [Pu(OH),(CO,):-] A least- 
squares method gwes the eqmhbnum constant of 

for Es (9) 10-2 7 t 0 5  

(9) 

Carbonate ion dormnates in the hgher pH range, in 
place of bicarbonate At pH = 12 and 13, the solu- 
bihty at [COi-] > lo-, M is propomonal to the square 
of the carbonate concentrahons and can be eshmated 
by reactlon (1 0) 

PuO, xH,O + 2HCO; = Pu(OH),(CO,):- 
+ xH,O 

(10) 
PuO, xH,O + 2CO:- = Pu(OH),(CO,):- 
+ (x-2)H20 

The Pu concentratlon 111 the carbonate soluhon IS  given 
by the sum of [Pu(OH)i] and ~u(OH),(CO,):-] A 
least-squares method gwes an equihbnum constant 
of 10-498'031 for Eq (10) Smce the data at pH 12 
are nearly identlcal to those at pH 13, the following 
pH-dependent reactlon was ruled out 

(11) 
PuO, xH,O + 2COi- = Pu(OH),(CO,)$- 
+ OH- + (x-2)H20 

Together with the solubihty products of PuO, xH,O, 
the stabihty constants of Pu(OH),(CO,):- and 
Pu(OH),(CO,)t- were calculated to be 1 P 2 ' 0 6  and 
1 0 4 9 7 2 t 0 4 8  , respectlvely The stabihty constants of the 
hydroxycarbonate complex species are tabulated in 
Table 3 

The present interpretation for Pu(IV) carbonates is 
smlar  to that for Np(IV) carbonates [7] The forma- 
Don of Pu(CO,):-~' (x = 1-5) and Pu(OH)~CO,(,,, 
both of whch have been predicted by Kun et al [4] 
and Lierse [5], were not consistent with our expen- 
mental results Then solubility in the pH range of 9 to 
11 can be fitted with Eq (9) as well as then interpreta- 
tlon in whch the formatlon of Pu(CO,):- was taken 
into account Then solubility in hgher pH range was 
propomonal to the square of the carbonate concen- 
tratlon and can be fit with Eq (10) as well as then 
interpretauon in whch the formahon of PU(CO,):-~' 
x = 4, 5 was taken mto account The Eh-pH diagram 
calculated by using the present data and data compiled 

12 
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Table 3 Equhbnum constants of An(N) hydrolysis and carbonate species 

Reafaon Iomc log K log stability 
strength constant of producr 

pU02 xHZO + 2HCO; sz Pu(OH),(COJ:- + xHZO 0 1  -27 COS 442 206 

PuO, xH,O .F 2CQ- * h(oH).(Co&- + (x-Z)H,O 0 1  -4 98ZO 31 49 7220 48 

pu" + 40H- + (x-2)H20 = PuO, xH,O,,, 

0 -10 1420 28 [13] 46 71 5 0  46 
0 1  -10 1420 28 44 5620 46 

0 56 8520 36 [12] - 
0 1  54 7020 36b - 

- Pu" + 20H- + CQ- + (x-l)HzO = PuOCO, xH,O 0 1  <48 0 

Np(OH)q, + 2HCO; = Np(OH)Z(CO>):- + 2HzO 03  -0 3520 33 [7] 431 Z04 

Np(OH)q,) + 2CO:- = Np(OH),(CO&- 0 3  -1  4320 33 [7] 505 204 

Np(0H)u.m) = Np(OH)! 03 -85 to1 [16] 434 203 

0 
03 

545 203 [12] 
51 9 t O  3b 

U(OH)e-) + 2HCO; U(Ofi(C0,):- + 2HzO vaned > - 2 4 4  [7] >41 7 171 

Solubility products that were corrected to iomc strength were used for calculatlon 
Solubihty products at I = 0 1 and 0 3 wm eshmatcd usmg the Davies equanon [12] 

W. 

1 0  

0 5  

DN 

Fig 5. Eh-pH hagram of Pu, total carbonate concentraaon 
4XlO-'M 

IU reference [17] is shown in Fig 5 Th~s & a p m  is 
Merent from premous ones [18, 191, m whch the 
formanon of hydroxycarbonate species have not been 
taken mto account 

4. Conclusion 
The Pu sohd phase formed rn the present solubfity 
expcnments is Uely to be PuO, xH,O Carbonate 
and bicarbonate have sigdicant effect on the solu- 

dormnant m bicarbonate SOlUhOnS, whle species of 
bhty Of h(N) Spe~le~  of h(OH),(C03)3- IS m- 

Pu(OH),(CO,):- is responsible for the solubihty in 
carbonate soluuons 

Acknowledgement 

The authors express thelr appreciahon to Dr T T Van- 
dergraaf (AECL Canada) for cnucal readmg and to Dr 
S Nakayama for helpful discussions Dr N K o b o  is 
also acknowledged for the Pu preparation 

References 
1 Kun, J I in Handbook on the Physics and Chemistry of 

the Actinides (Freeman A J and Keller C ,  eds) Vol 4 
North Holland Amsterdam 1986, p 413 

Handbook on the Phyrics 
and Chemistry of the Actinides (Freeman A J and Keller, 
C , eds ) Vol 3 North Holland, Amsterdam 1985, p 387 

3 Moskvin, A I ,  Gel'man A D Detemnatlon of the 
Composiuon and Instabihty Constants of Oxalate and Car- 
bonate Complexes of Plutomum(IV), Russ J Inorg Chem 
@ngl Trans1 ) 3 198 (1958) 

4 Kun, J I ,  kene.  Ch , Baumgartner, F Complexatlon of 
the Plutomum(Tv) Ion m Carbonate-Bicarbonate Soluuons, 
Chapter 21, in Plutonium Chemistry (Carnall, W T ,  Chop- 
pm, G R ,  eds) ACS Symp Ser 216, Am Chem Soc. 
Washmgton,D C 1983 p 317 

5 Lierse. Ch Chemfcal Behaviour of Plutonium in Natural 
Aquatic System Hydrolysis, Carbonate Complexanon and 
Redox Reactton, Ph D Thesis. Techxusche Umversitat 
Munchen, Mtinchen (m German) 1985 

6 hgdomhech,  I ,  Bruno, J Plutomum Solubhty, SKB- 

7 Pratopo, M I ,  Monyama, H , f igash,  K Carbonate Com- 
plexatlon of Neptumum(N) and Analogous Complexaaon 
of Ground-Water U m u m ,  Rad~ochlm Acta 51,27 (1990) 

8 Fotl S C ,  Freihg E C The Dctemunaaon of the 0x1- 
daaon States of Tracer Uraruum, Neptumum and Plutomum 
in Aqueous Mema, Talanta 11.385 (1964) 

2 Newton T W .  Sull~van, J C 

TR-91-04. SKBFKBS, Stockholm 1991 



clear Waste I)lsposal. J Rad~oand Chem 124,171 (1988) 
10 Stability Cons~ants of Metal-Ion Complexes, Supplement 

No 1 (Chemrcal Soc Specral Publicatwn, No 25), Chem- 
cal Sac, London 1971, p 12 

I 

11 B~emun, J S&bilrty Constants of Metal-Ion Complexes 
with Solubility Products of lnorgancc Substances, PART 2 

12 R ~ I .  D Solubihty Product of PuO Hydrous Omde and 
Eqluhbnum constaau of pu(Iv)/pucv), pu(Iv)/Pu(vI), 
and Pu(V)IpuO Couples, Rad~ochm Acta 35,97 (1984) 

13 Ewart, F TI Howse, R M , Thomason, H P, Wilhams, S 

Fie1d.m Sci BasisNucl WastcManag M (Wenne.L 0 
ed), Mater Res Soc , hasburgh, Pennsylvma, 1985, p 
701 

I 
i 

I 

(Sprclal Publicanon) Chermcal Soc , London 1958. p 77 \ 

? 

I 
I J ,  Cross, J E The SOlUblhty Of ACUdes IU the Near- 

15 Smth, R M , Martell, A E Critical stabihry consrants. 
Vol 4, Plenum press, New York 1976 

16 Pratopo, M I ,  Monyama, H , &gash, K The Behaviour 
of Neptumum under Reducing Condmons, Proceedings of 
the 1989 Jomt Intematlonal Waste Management Conference, 
Vol 2, p 309 (1989) 

17 Yamaguch, T , Pratopo. M I , Monyama, H , f igash ,  K 
Adsorphon of Cesium and Neptunium(V) on Bentumte, Pro- 
cecdmgs of the l b r d  Internauonal Conference on Nuclear 
Fuel Reprocesslng and Waste Management (RECOD '91), 
S e n b ,  Japan, Vol 2, p 999 (1991) 

18 Skym Jensen The Geochemstry of Radonuchdes with 
Long Half-Lives Rs+R430 (RIs~ Nat Lab ) 1980 

19 Bennett, D A Stabilirq Constants lmponanr ro the Under 
standing of Pluronium in Environmental/Waters-Hvdroxq 
and Carbonate Complexation of PuO;, Ph D Thesis Um- 
versity of Cahfomia, Berkeley 1990 

1 
a 

! '6/6 14 


